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ABSTRACT 

We present the results of deep radio observations with the AustraHa Telescope Com- 
pact Array {ATCA) of the globular cluster NGC 6388. We show that there is no radio 
source detected (with a r.m.s. noise level of 27 ^Jy) at the cluster centre of gravity or 
at the locations of the any of the Chandra X-ray sources in the cluster. Based on the 
fundamental plane of accreting black holes which is a relationship between X-ray lu- 
minosity, radio luminosity and black hole mass, we place an upper limit of ~1500 Mq 
on the mass of the putative intermediate-mass black hole located at the centre of NGC 
6388. We discuss the uncertainties of this upper limit and the previously suggested 
black hole mass of 5700 Mq based on surface density profile analysis. 

Key words: accretion, accretion disks - black hole physics - globular clusters: general 
- globular clusters: individual: NGC 6388 - radio continuum: general. 



1 INTRODUCTION 

Following the early discoveries of X-ray sources in globular 
clusters in the mid-1970s (Clark 1975; Clark, Markert & Li 
1975), it was proposed that the X-ray emission of these clus- 
ters was due to accretion of intracluster material released 
by stellar mass loss onto central black holes (Bahcall & Os- 
triker 1975; Silk & Arons 1975). This started a debate about 
whether globular clusters contain black holes of intermedi- 
ate masses (i.e. greater than the ~ 30 M0 limit for black 
holes formed through normal single star evolution, but less 
than the 10^ M0 seen in the smallest galactic nuclei). 

The difficulties of stellar dynamics has prompted 
a search for accretion constraints on the presence of 
intermediate- mass black holes. As pointed out by Maccarone 
(2004) and Maccarone et al. (2005), deep radio searches may 
be a very effective way to detect intermediate-mass black 
holes in globular clusters and related objects. Indeed, for a 
given X-ray luminosity, supermassive mass black holes pro- 
duce far more radio luminosity than stellar-mass black holes. 
The relation between black hole mass and X-ray and ra- 
dio luminosity empirically appears to follow a "fundamental 
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plane" , in which the ratio of radio to X-ray luminosity in- 
creases as the ~0.8 power of the black hole mass (Falcke 
& Biermann 1996, 1999; Merloni, Heinz & Di Matteo 2003; 
Falcke, Kording & Markoff 2004). Also, as the luminosity of 
accretion onto a blac k hole decreases, th e ratio of radio to X- 
ray power increases (jCorbel et al ] |2003l : lGallo et al.ll2003l ). 

Accretion theory suggests that the Bondi-Hoyle rate 
(IBondi fc Hovld [l943 ) overestimates the actual accretion 
rate by 2-3 orders of magnitude, e.g. (jPerna et al. I [200^ 1. 
Thus, the X-ray luminosities from accretion of the inter- 
stellar medium by intermediate-mass black holes in globu- 
lar clusters are likely to be well below detection limits of 
current X-ray observatori es. Considering the prediction of 
iMiller fc Hamilton I ||2002D . that the black holes should have 
about 0.1 per cent of the total cluster mass, the radio lumi- 
nosities of the brightest cluster central black holes may b e 
detectable with existing instrumentation (|Maccarone I2OO4I ). 

Several methods have been considered for proving the 
existence of these intermediate-mass black holes (in the 
10^ - 10" Mq range), but to date there is no conclu- 
sive evidence for their existence. Searches for radio emis- 
sion from globular clusters have mostly yielded only up- 
per limits (Maccarone, Fender & Tzioumis 2005; De Rijcke, 
Buyle & Dejonghe 2006; Bash et al. 2008). Ahhough, the 
cluster Gl in M31 seems to have evidence for harbouring 
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an in termediate-mass black hole (|Ulvestad. Greene fc Ho] 
I2OO7I ). including radio detection. 

However, beyond globular clusters, there are other pos- 
sibilities for intermediate-mass black holes. They may be 
produced in the core colla pses of ^ 100 — IOOO-Mq Pop - 
ulation HI stars, see e.g. (|Frver. Wooslev fc HegeJ I2OOID . 
Other good candidates for hosting intermediate-mass black 
holes are thought to be young dense star clusters (Porte- 
gies Zwart & McMillian 2002; Portegies Zwart et al. 2004; 
Giirkan, Freitag & Rasio 2004) and ultraluminous X-ray 
sources, whose X-ray luminosities well exceed the Edding- 
ton lumino sity of a ten solar-mass compact object; f or more 
details see iKaaret et all I2OOII : IZampieri et"alT|2009! ) . 

The main evidence favouring an intermediate-mass 
black hole in NGC 6388 is that the observed surface den- 
sity profile has a power-law shape with a slope a = —0.2 
in the inner one arcsecond of the cluster. This slope is shal- 
lower than expected for a post core collapse cluster and is 
consis tent with the presence o f an intermedi ate-mass black 
hole (|Baumgardt et al ] I2OO5I : lMiocchill2007l ). The surface 
dens ity profile provided an estimated mass of 5700 ± 500 
M0 (|Lanzoni et aLlbOOTl ) for the central black hole in NGC 
6388 and it motivated us to propose radio observations of 
the source. 

Here, we report on radio observations with the Australia 
Telescope Compact Array {ATCA) of NGC 6388 that led to 
an upper limit on the mass of the putative intermediate-mass 
black hole located at the centre of NGC 6388. In Sec. 2, we 
describe the analysis of an archival Chandra observation and 
our new ATCA radio observations of NGC 6388. In Sec. 3, 
we describe the results of the X-ray and radio observations. 
Then we discuss, in Sec. 4, the methodology for setting an 
upper limit on the mass of a central black hole in NGC 6388 
and the uncertainties. 



2 OBSERVATIONS AND ANALYSIS 
2.1 Chandra observation 

NGC 6388 was observed w ith the Chandra X-Ray Observa- 
tory (|Weisskopf et al.|[2002l ) using the Advanced CCD Imag- 
ing Spectrometer spectroscopy array (ACIS-S) in imaging 
mode. The Chandra observation (ObsID 5055; PI Haldan 
Cohn) began on 21 April 2005 02:28:32 UT and had a use- 
ful exposure of 45.2 ks. Althoug h an analysis of the Chandra 
data was recently published bv lNucito et all (|2008l ). we im- 
proved the localisation of the X-ray sources in the centre of 
the cluster by removing the pixel randomisatiorQ. 

The Chandra data were subjected to standard data pro- 
cessing (CIAO version 4.1.2 using CALDB version 4.1.4) and 
then reprocessed to remove pixel randomisation because we 
are interested in sources in the crowded region near the clus- 
ter centre. We also applied an aspect correction as described 
on Chandra aspect webpage^. The total event rate on the 
S3 chip was less than 1.7 c/s throughout the observation 
indicating there were no strong background fiares. 



^ http:/ /cxc. harvard. edu/ciao3.4/threads/acispixrand/ 
^ http:/ /cxc. harvard.edu/ciao/threads/arcsec_correction/- 
index.html#calc_corr 



2.2 ATCA observations 

We observed NGC 6388 with the Australia Telescope Com- 
pact Array in configuration 6D (baselines up to 6 km) 
between 24 and 28 December 2008. The data were ob- 
tained simuhaneously at 8384 & 9024 MHz and at 18496 
& 18624 MHz with 16 h and 17 h on-source integration 
time, respectively. We observed in phase-reference mode; 
the phase calibrator was 1740-517 and the primary calibra- 
tor was PKS 1934-638. The data re duction was performed 
using the miriad software package l|Sault et al.lil995i 'l in a 
standard way. 



3 RESULTS 

3.1 Chandra Imaging 

We first constructed an image of the full area viewed by the 
ACIS-S3 chip using all valid events in the 0.3-8 keV band. 
The Chandra aspect uncertainty is 0.6" at 90 per cent confi- 
denc^fl. To attempt to imp rove on this w c searched for X-ray 
sources with counterparts (|Kaaret et al.ii2002 ) in the 2MASS 
catalogu e of infrared sources with a J magnitude brighter 
than 14 (|Skrutskie et al.ll2006h . We excluded sources within 
40" of the cluster centre due to the source crowding in 
that region. We choose X-ray sources which are likely fore- 
groun d stars by selecting those with soft spectra (iKong et al.l 
(2003) , specifically those with more co unts in the 0.5-1.5 keV 
band than in the 1.5-6 keV band l|Grindlav et al.l 120011 ). 
There are 10 such sources with a detection significant above 
3(7. Of these 10, one at aj2ooo = 17''36'"4."55, 5j2ooo = 
-44°45'24."2 is located within 0.23" of a 2MASS source and 
a second at ajaooo = 17''36"'25.''99, 5j20()0 = -44°47'53."3 
is within 0.37" of a 2MASS source. There are 636 such 
2MASS sources in the search area of 2.25 x 10^ "^ With 10 
X-ray sources, the probability of one chance overlap within 
0.4" is 0.0014 and the probability of two chance overlaps 
is 2 X 10^*. Thus, the Chandra astrometry appears to be 
accurate to within 0.4". 

We then constructed images of a 38" x 38" region cen- 
tered on the cluster core with pixels which are 0.25" x 0.25" 
in the 0.3-8 keV and 2-10 keV bands. We searched for 
sources in the 0.3-8 keV image using the celldetect tool in 
CIAO. A list of detected sources with significance of Sa or 
higher is given in Table [T] 

Table [T] includes for each source: the source number; 
S/N - the significance of the source detection as calculated 
by celldetect; RA and DEC - the position of the source in 
J2000 coordinates - note that, while the relative positions 
should be accurate to 0.2", there is an 0.4" overall astro- 
metric uncertainty; Counts - total counts in the 0.3-8 keV 
band. 

Fig. [T] shows an X-ray image of the core of NGC 6388 
in the 2-10 keV band with the position of the cluster cen- 
ter of gravity, ajaooo = 17''36'"17."23, fcooo = -44°44'7."1 
(iLanzoni et al.ll2007^ . superimposed. The radius of the cir- 
cle is 0.5" which is equal to the sum in quadrature of the 
Chandra aspect uncertainty of 0.4" (see above) and the un- 
certainty of 0.3" in the position of the centre of gravity. Two 

^ http: / /cxc. harvard.edu/cal /ASPECT /celmon 
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Table 1. X-ray sources in the core of NGC 6388 



S/N RA DEC Counts 

439 
289 
237 
114 
102 
130 
157 
84 
87 
77 
61 
69 
36 
32 
30 
35 
23 
41 



of the Chandra sources lie near the centre of gravity error cir- 
cle. The error circle for source #12 overlaps the edge. Source 
#7 lies 0.9" from the centre of gravity. If we use the coor- 
dinates calculated from the 2-10 keV image (and not 0.3-8 
keV as above), then source #12 moves inside the centre of 
gravity error circle, while source #7 moves further away. 

3.2 X-ray spectra of source 12 and 7 

We extracted X-ray spectra for these two sources using cir- 
cular extraction regions with radii of 1.5 pixels centred on 
the coordinates given in Table [1] The extraction radius is 
smaller than usual for Chandra sources, but this is necessary 
given the source crowding. The 80 per cent encircled power 
radius is ~0.7 arcsetQthus, the measured source fluxes were 
increased by a factor of 1.2 to account for the flux outside 
the extraction region. We fitted the X-ray spectra using the 
Sherpa spectral fitting package and response matrices cal- 
culated using the mkacisrmf tool in CI AO. We used the 
X'^-Gehrels statistic to evaluate the goodness of fit due to 
the low numbers of counts in some spectral bins. 

A good fit, xVDoF = 2.9/8, was obtained for source 
#12 with an absorbed power-law spectrum with a pho- 
ton index, r=1.90 ± 0.45 and an equivalent hydrogen ab- 
sorption column density of Nh = (3.8 ± 1.8) x lO'^^cm"^. 
The absorbed flux in the 0.3-8 keV band was 2.4 x 
10"^'* erg cm~^ s~^ and the unabsorbed flux was 4.0 x 
10""ergcm"2s"^ in the 0.3-8 keV band and 2.15 x 
10"" ergcm"^ s"^ in the 2-10 keV band. 

An absorbed power-law provided a good fit for the 
spectrum of source #7, X^/DoF = 7.8/16. The best fit 
parameters were a photon index, r=1.66 ± 0.27 and an 
equivalent hydrogen absorption column density of Nh = 
(3.5 ± 1.3) X 10^^ cm"^. The lower bound on Nh = 2.2 x 
lO'^^ cm~^ was fixed to the Galactic HI column density 
along the line of sight. The absorbed flux in the 0.3-8 keV 

|http://cx c.harvard.edu/proposer/POG/pdf/MPOG.pdf| page 
93; figure 6.7 
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Figure 1. X-ray image of the core of NGC 6388 in the 2-10 keV 
band with pixel size of 0.25". The gray scale indicates X-ray in- 
tensity and ranges from to 14 counts per pixel. The crosses 
mark the positions of X-ray sources hsted in Table [T] The circle 
indicates the error circle for the cluster centre of gravity including 
the uncertainty relative to the Chandra reference frame. 

band was 4.8 x 10~^* ergcm"'^ s~^ and the unabsorbed fiux 
was 6.9 x 10"^* erg cm~^ s~^ in the 0.3-8 keV band and 
4.6 X 10""ergcm"^s"^ in the 2-10 keV band. 

3.3 Radio non-detection 

After reduction of the ATCA radio data, we found there 
are no radio sources detected in association with the cluster 
centre of gravity nor at the locations of any of the Chandra 
X-ray sources within the cluster (Fig. [2}. We assumed a 
fiat spectrum (as likely for a low-luminosity accreting black 
hole) in order to combine the data sets to achieve the best 
noise level. In naturally weighted maps, by combining 8.4 & 
9 GHz data the rms noise level was 27 fj,3y and combining 
18.5 GHz & 18.6 GHz data the rms was 54 /xjy. Combining 
all of the datasets did not lead to better rms as the higher 
frequency data is more noisy. Therefore, our best achieved 
rms noise level at radio frequencies is 27 ^Jy. 



4 DISCUSSION 

Considering the best achieved r.m.s. value obtained from our 
ATCA radio observations and adopting a 3a upper limit, the 
upper limit on the radio fiux of any (undetected) source is 
estimated to Fr < 81 /iJy/beam. The distance of NGC 6388 
was adopted from iDalessandro et al] (|2008l ) with the value 
of 13.2 ± 1.2 kpc. Therefore, we obtained an upper limit 
for the radio luminosity of the putative intermediate mass 
black hole in NGC 6388 of Lr < 8.4 • 10^** erg s"^ at 5 GHz 
{Lr — vFv, where we assumed a fiat radio spectrum, as is 
likely for a low- luminosity ac c reting black hole). 

Previously, iNucita et al.l (|2008l ) found that three of the 
Chandra sources (# 12, 7 and 3) coincide with the clus- 
ter centre of gravity. They did not attempt to spatially re- 
solve these three sources and therefore obtained one aver- 
aged spectra for the three sources. After reanalysing the 
data and removing the pixel randomisation, we find that 
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Figure 2. The naturally weighted ATCA image of NGC 6388 
combined at 8.4 GHz & 9 GHz. The positive contour levels in- 
crease by a factor of 2. The first contours are drawn at -81 
& 81 /^Jy/beam. (There are no higher contours than the first 
ones). The beam size is 2.1 X 1.5 arcsec at a position angle of 
6°. The central circle indicates the cluster center of gravity at 
aj2000 = 17'"36™17.''23,5j2ooo = -44°44'7."1 with a radius 0.5" 
of the uncertainty. The crosses mark the positions of the Chan- 
dra sources. The rectangle indicates the Chandra image showed 
previously. 



only one source (#12) is consistent with the location of the 
centre of gravity (see Section 3.1). In addition, we success- 
fully measured the spectrum of each source individually. The 
unabsorbed X-ray flux of source #12 is Fx = 4.0 ■ 10~^* 
erg cm~^ s~^, and the corresponding X-ray luminosity is 
Lx = 8.3 • 10^2 erg s"^ in the 0.3-8 keV band. We will use 
this value in all subsequent analysis. 

4.1 Nature of the innermost X-ray sources 

A study of the colour-colour diagram of the X-ray sources 
throughout the cluster revealed that most of them seem to 
be low mass X-ray binary, one source is probabl y a high-mass 
X-ray binary and four oth ers are soft sources (|Nucita et al.l 
l20Q8l ). lNucita et all (|2008l ) treated the three central Chandra 
sources as one and noted that the difference between the X- 
ray flux of these sources measured by XMM-Newton in 2003 
versus by Chandra in 2005 is a factor of only 1.11 . This 
may indicate that variability of the X-ray sources is small, 
but there are only two observations. 

From our X-ray data analysis, we managed to localise 
three separate sources in the centre of the cluster. We stud- 
ied their X-ray colours a nd us ed the source classification 
method of Ijenlcins et al.l l|2005l l. This revealed that source 
#3 is very soft, probably a cataclysmic variable. Source #7 
seems to be an X-ray binary and source #12 is either an 
absorbed source or an X-ray binary. 

The X-ray luminosity of source #12 is consistent with 
the accretion luminosity of even a 10 solar-mass black hole 



in quiescence. On the basis of the X-ray spectra, there is no 
real clue to distinguish between an intermediate-mass black 
hole and low mass X-ray binary. Source #12 has a power-law 
spectrum with F ~ 1.9 which is consistent with the spectra 
of quiescent stellar-mass BH which have F ~ 2.0 (Corbel et 
al 2006, 2008), but is also consistent with the spectrum ex- 
pected from a quiescent intermediate-mass bla ck hole. Thus, 
the localisation, the source categorisation of I Jenkins et al.l 
(2005), and the X-ray spectrum all favour source #12 as 
the best candidate to be subjected upon further analysis as 
a potential intermediate mass black hole. 



4.2 Upper limit on mass of the central black hole 

The fundamental plane of accreting black holes is a relation- 
ship between X-ray luminosity, radio luminosity and black 
hole mass (Merloni et al 2003, Falcke et al. 2004). The rela- 
tions between mass accretion rate and radio luminosity has 
been studied for black hole X-ray binaries and low luminos- 
ity active galactic nuclei. It is found that the X-ray luminos- 
ity is uniquely determined by the black hole mass and radio 
luminosity via a linear equation in logarithm space. This re- 
lationship is referred as "the black hole fundamental plane". 
It is valid for hard state objects i.e. for objects accreting at 
low Eddington value. This relation requires radiatively inef- 
ficient accretion, like advection dominated or jet dominated 
accretion flows. 

If one investigates in more detail whether the X- 
ray source satisfies the criteria for radiative inefficiency, 
as required for app lication of the fundamental plane 
jKording et al.ll2006al ). we can conclude, that even if M = 
10 Mq , the ratio of X-ray luminosity to Eddington luminos- 
ity, Lx/LecIcI — 10~®. So, the source needs to be accreting 
at a low Eddington-rate. Taking this into account and as- 
suming that the central source is a black hole, we can set 
constraints on the mass of the black hole using the relation- 
ship found by Merloni et al. (2003): 

log M = 1.28 log Lr - 0.76 log Lx - 9.39 (1) 
or the similar relation found bv lKording et all (|2006al ): 
log M = 1.55 log Lr - 0.98 log Lx - 9.95. (2) 

We note that the relation (Eq. 2.) found by 
iKording et al.l (^20063), which considered fiat spectrum, low- 
luminosity radio sources, such as those we expect in the cen- 
tre of dwarf galaxies or globular clusters, more likely refiects 
the present case. However Eq. 1 provides results that are 
consistent within the uncertainties. As Eq. 2 gives a higher 
mass and has less scatter than E q. 1 (even than the equation 
found bv lGiiltekin et aL I (|2009l)'). we use the value given by 
Eq. 2 in all subsequent analysis. 

Inserting the measured X-ray luminosity {Lx) of source 
#12 and the measured upper limit on its radio luminosity 
(Lr) into Eq. 2 leads to an upper limit for the mass M 
of the central black hole of < 735 Mq. However, we must 
consider the intrinsic scatter in the measured fundamental 
plane relation of 0.12 dex (~ 32 per cent) within one a 
(and the uncertainty of the distance). Therefore the result 
is M < 735 ± 244 Mq. We adopt the 3-a upper limit, « 
I5OOM0, as a conservative limit on the black hole mass. 

If source #7 actually lies at the cluster centre of grav- 
ity instead source #12, then we note that source #7 has 
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a harder spectrum than #12, being still consistent with a 
low luminosity accreting black hole and that the difference 
between their X-ray flux is a factor of 2. Thus, this would 
not change the results described above. If none of the X-ray 
sources are associated with the cluster centre of gravity, then 
we can not use the fundamental plane to obtain a limit on 
the black hole mass. 



4.3 Bondi-Hoyle accretion and comparison with 
Gl 

In this section, we investigate more in detail the consistency 
of the X-ray emission of source #12 with Bondi-Hoyle accre- 
tion and compare NGC 6388 with the cluster Gl. For a black 
hole of mass M moving with velocity v through gas with hy- 
drogen number density n and sound speed Cs, the expected 
accre tion rate via the Bondi-Hoyle process (|Bondi &: Hovld 
1 1944 ) is 



M ~ ATi{GMfmpn{v^ + c,) 



-3/2 



(3) 

where mp is the proton mass (| Poole v et al.|[200^ '). The ex- 
pected X-ray luminosity is then 



Lx ^e-rj- Mc 

and parametrized for NGC 6388 is 



(4) 



e-r?-8.8-10'' 



Mb 



W-Mq J yi5km/s 



n \ erg 

oT 



(5) 



where V denotes {v^ -\-ciY^'^ , e is the efficiency for converting 
accreted mass to radiant energy in the accretion flow of the 
black hole, and 77 indicates the fraction of the Bondi-Hoyle 
accretion rate that is accreted by the black hole. 

The int racluster gas densit y can vary in the ^0.1 — 1 
cm"^ range (jPoolev et al.ll2006l ). For NGC 6388 the gas den- 
sity is not measured. Ionised gas with an electron density 
of n ~ 0.1 cm~'^ has been d etected in the globular clus- 
ter 47 Tuc / Freire et "alll200ll '). Recent studies on their stel- 
lar populations find similar ages for NGC 6388 as 47 Tuc 
l|Moretti et all 120091 ') . therefore we set n = 0.1 cm"^ for 
NGC 6388. Ho wever a higher gas c ontent may be expected 
for NGC 6388 (|Scott fc Roselll975l ). We also set v=Q km/s 
and Cs = 15 km/s. 

Now, the key factors determining the luminosity are 
the radiative efficiency of accretion (e) and the fraction of 
Bondi-Hoyle accretion rate that reaches the black hole (rj). 
Considering our previously obtained 3-o- upper limit on mass 
of ~1500 Mq and taking = 1, we find that the lowest al- 
lowed radiative efficiency is e ~ 10~*, similar values have 
been found for other systems in the radiatively inefficient 
regime (Fender et al. 2003, Kording et al. 2006b). The high- 
est value of radiative efficiency can be taken as 0.1, i.e. for a 
radiatively efficient Schwarzschild black hole. So, e can vary 
in t he [10^, 0.1] r ange 

IPerna et al. I (|2003h showed that the lack of detection 
of isolated neutron stars accreting from interstellar medium 
implies a fracti on of Bondi-acc retion of the order of 10~^ — 
10~ , see also iPellegrinil 120051 ). However, there is evidence 
that the central black hole of globular clusters can accrete 
at a higher f ractio n of the Bondi-rate than suggested by 
iPerna et al.1 (|2003h . 



Gl is an enigmatic star cluster in M 31 thought by 
some to be a globular cluste r, but by others to b e the core 
of a stripped dwarf galaxy (|Mevlan et al. |[200ll ') and con- 
tains multiple stellar populations. Dynamical evidence in 
Gl suggested the presence of a 20 000 solar mass black 
hole (Gebhardt, Rich & Ho 2002, 2005). X-ray observa- 
tions revealed an X-ray source with a 0.2-10 keV luminos - 
ity o f 2 ■ 10^*^ erg s~^ JlVudolvubov fc Priedhorsk-ni2004l ) 
and (|Poolev et al.ll2006l '). A radio source was also detected 
at the location of the core of the cluster of Gl. The mea- 
sured radio fiux (28 pJy) was in good agreement with 
the predictions (30 and 77 /xJy) jMaccarone fc Kording " 



l2006|:IUlvestad. Greene fc Ho Il2007h . Although. Kong et al 
( 20091 ) find that the X-ray emission is still consistent with a 



sing le X-ray binary or a collection of X-ray binaries. 

lUlvestad. Greene fc Ho I (|2007t ) find the most plausible 
scenario is that Gl accretes at closer to 0.1 of the Bondi-rate 
with a radiative efficiency under 0.01. It is therefore possible 
that the fraction (rj) of the Bondi-Hoyle accretion is as high 
as 0.1. 

Taking the value - as there is no evidence for pulsar 
detection in NGC 6388 - obtained bv iPerna et al. I |2003|) 
(see also (|Pellegrinill2005h ) as a low end and the value of Gl 
as a high end, the fraction of the Bondi-rate [rf] can vary on 
the [10"^, 0.1] range. 

Now, we discuss two scenarios: first, we set the fraction 
of the Bondi-rate to 77 = 0.1 and we assume inefficient ac- 
cretion (e = 10"*) and secondly, we set 77 = 10"^ and we 
assume efficient accretion (e = 0.1). Using Eq. 5., other cases 
will lead lower values of black hole mass than derived from 
the fundamental plane (see Sec. 4.2). In order to reproduce 
the measured X-ray luminosity (by using Eq. 5.), the first 
scenario will give an estimate of ~3070 M© for the mass of 
the putative central black hole mass. Such a black hole mass 
is inconsistent with the derived mass on the fundamental 
plane. Additionally, this value is even higher than the value 
of 2600 Mq , which one can obtain considering the raw esti- 
mate that, the black hole mass is 1/1000 o f the total stellar 
mass (2 6 ■ 10*^ Mq; jLa nzoni et aLl lioOTh ) of the globular 
cluster (|Miller fc Hamilton 2002); therefore this scenario is 
less favourable. The second scenario will result in a black 
hole mass of ~970 Mq. This is formally consistent with 
the one-sigma value derived from the fundamental plane. 
Although, given the high uncertainties of e and 77 and the 
intrinsic scatter of the fundamental plane, our conservative 
upper limit on the mass of the putative intermediate-mass 
black hole is 1500 Mq, the 3-a upper limit derived from the 
fundamental plane. 



5 CONCLUSIONS AND SUMMARY 



iLanzoni et al.l l|2007h reported the possible presence of a 
black hole with a mass of 5700 ± 500 Mq at the centre of the 
globular cluster NGC 6388. Chandra and XM M-Newton ob- 
servat ional data analysis were carried out by iNucita et al.l 
(j2008l ). Removing the pixel randomisation allowed us to 
identify a unique source coincident with the cluster centre 
of gravity with properties consistent with those expected for 
a black hole accreting at a low rate. With the X-ray detec- 
tion and optical surface density fit, the only missing piece of 
the puzzle was a radio detection. On the basis of the X-ray 



6 D. Cseh, P. Kaaret, S. Corbel, E. Kording, M. Coriat, A. Tzioumis, B. Lanzoni 



luminosity, iNucita et alj (|2008l ) predicted an upper limit of 
< 3 mjy radio flux on NGC 6388. Deep radio observations 
with the Australia Telescope Compact Array allowed us to 
reach a sensitivity of 27/iJy/beam, but did not reveal any 
radio sources within the cluster. We interpreted the radio 
non-detection by using the fundamental plane relating the 
radio and X-ray properties of black holes accreting at low 
rates, assuming that the X-ray flux is related to a black 
hole accretion luminosity. We obtained an upper limit on 
the black hole mass of M < 735 M0± 244 M© (Icr). Tak- 
ing into account the uncertainties on the radiative efficiency 
of accretion and on the fraction of Bondi-Hoyle accretion 
rate reaching the black hole, we concluded that the centre 
of NGC 6388 can not host a black hole with a mass in excess 
of 1500 M© at a 3(t confidence level. 
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